Iron uptake in Escherichia coli employs lowmolecular-weight iron chelators, termed siderophores, which are taken up by cells in complex with Fe(III) ion (4, 12, 13, 20) . These complexes include ferric enterochelin (the endogenous system of E. coli), ferric citrate, and ferrichrome (an iron complex of fungal origin). Active transport of siderophore-iron complexes requires cell envelope components specific to each system and a shared component, the product of the tonB gene (6, 10, 29) . Specific outer membrane receptors have been described for ferric enterochelin (the fepA/feuB/cbr gene product) (8, 11, 25, 33) and for ferrichrome (the tonA gene product) (10, 30, 31) . That these receptors are required for translocation of these substrates across the outer membrane but not across the inner (cytoplasmic) membrane has been demonstrated in studies utilizing both spheroplasts and cytoplasmic membrane vesicles (19, 33) .
The specific function of the tonB gene product has not been clarified. Although it has been proposed that it may somehow control the permeability of the outer membrane (6), other workers have suggested that the tonB gene may function in coupling inner and outer membrane components of tonB-dependent uptake systems (1, 7, 9, 13) . From experiments demonstrating that spheroplasts derived from tonB mutants are incapable of ferric enterochelin transport, Wookey and Rosenberg (33) concluded that the state of the tonB gene is crucial to transport across the cytoplasmic membrane. In this communication we examine the tonB dependence of ferrichrome transport in spheroplasts of E. coli.
Bacteria (see Table 1 for a list of strains used) were grown in a Tris-based miniimal medium (28) , except that 0.1 ,uM FeSO4 replaced FeCl3. Glucose was added to 0.3% (wt/vol). When required, 5 mM fl-glycerophosphate replaced KH2PO4 to allow derepression of alkaline phosphatase, a periplasmic marker. Required amino acids and those for which transport studies were to be performed were added to 40 ,ug/ml. Thiamine was added to 1 ,ug/ml. For strains AN408 and AN409, p-aminobenzoic and p-hydroxybenzoic acids were added to 20 ,uM. For growth of strain JK227, minimal medium was further supplemented with 0.15% Casamino Acids (Nutritional Biochemical Corp.). Under these growth conditions, strains JK358 thru JK361 and AN408 and AN409 did not synthesize enterochelin, whereas strain JK227 did.
Cells were grown in Tris-based medium at 370C with shaking after a 1,000-fold dilution from stationary cultures grown in LB medium (18 [55Fe]ferrichrome was prepared by a modification of the procedures previously described (15, 17) . Pure ferrichrome (9 mg, kindly provided by J. B. Neilands) was dissolved in 1 ml of distilled water. 8-Hydroxyquinoline (90 mg in 2 to 3 ml of methanol) was added, and the mixture was incubated at room temperature overnight. The mixture was next dried under vacuum, and the residue was suspended in 1.5 ml of distilled water. Repeated extraction with 2 to 3 ml of chloroform was performed until the organic phase was colorless. At this stage, the aqueous phase contained deferriferrichrome.
[5Fe]ferrichrome was prepared by mixing deferriferrichrome with a slight molar excess of aqueous, carrier-free 55FeC13 (17.3 Ci/g). The deep red solution, whose color stabilized after 5 min at room temperature, was applied to a small Chelex 100 column (Na+ form, BioRad 200-400 mesh) and eluted with water. The peak of eluting radioactivity coincident with the characteristic red color was assumed to be a 1:1 complex of 55Fe3+-deferriferrichrome, and its concentration was determined by the specific radioactivity ofthe 'Fe.
For some preparations, Dowex 50W-X8 (Na+ form, BioRad 50-100 mesh) replaced Chelex. For brevity, the term "ferrichrome transport" will be used throughout, although "ferrichromemediated iron transport" more accurately describes the system under investigation.
Protein concentrations were determined by the method of Lowry et al. (16) , with bovine serum albumin as a standard. Alkaline phosphatase activity was determined by the method described previously (32) . Radioactivity on dried filters was determined in a Beckman LS100 liquid scintillation system using toluene plus 4 (5) . These levels of transport correspond to an internal iron concentration in cells and spheroplasts of approximately 70 and 20 ,uM, respectively, at 10 min. In general, conversion to spheroplasts resulted in a two-to threefold decrease in the initial rate of ferrichrome transport.
When isogenic relatives ofJK360 carrying mutations in tonA, tonB or both were examined for transport activity, whole cells of such mutants were defective in ferrichrome uptake (1 to 2 pmol/mg of cell protein per min) (Fig. 2) . In contrast, spheroplasts prepared from these same cells transported ferrichrome at rates similar to spheroplasts prepared from strain JK360 (10.3, 12.5, 13.5 pmol/mg of cell protein per min for the tonA, tonB, and tonA tonB strains, respectively). Examination of several other tonB strains yielded similar results ( Table 2 ). The lower rate of ferrichrome transport seen in spheroplasts of strain JK227 may be due to partial repression of the ferrichrome transport system in this strain. We have observed that the (3, 27) were chosen for study (Table 3) . Leucine, cysteine, and tryptophan were transported at comparable rates in tonB whole and sucrose-treated cells, but at a slightly reduced rate in derived spheroplasts. Similar patterns of transport were observed in the case of tonB+ cells. These results suggest that the decrease in ferrichrome transport due to the conversions of E. coli tonA+ tonB+ whole cells to spheroplasts probably reflects a general reduction in transport efficiency.
Occasionally, whole cells of tonA, tonB, or tonA tonB mutant strains washed and suspended in iron uptake buffer containing 15% sucrose transported ferrichrome at rates which approached or were equal to, but never exceeded, those observed in spheroplasts. An explanation for this phenomenon, which occurred in about half of the experiments, has proven elusive. Such cells appeared normal when viewed by phase contrast microscopy and were not osmotically fragile. However, these results do suggest that on occasion sucrose treatment can lead to alterations in the barrier function of the outer membrane.
Our results are not similar to those in an earlier report that indicated that ferric enterochelin is taken up by spheroplasts derived from tonB+ cells, but not by spheroplasts prepared from a tonB mutant (33) . It is possible that an actual difference exists in the basis for the tonB dependence of ferrichrome and ferric enterochelin uptake. For example, there is evidence that release of iron from the ferric enterochelin complex requires degradation of the ligand (21), whereas release of iron from ferrichrome does not (4). Whether or not the state of the tonB gene directly or indirectly influences such iron release is unknown. Alternatively, it is possible that the difference in the tonB dependence of transport of these two iron complexes in spheroplasts is attributable to differences in the spheroplast preparations. Whereas Wookey and Rosenberg (33) prepared spheroplasts in glycylglycine-based buffer, our study utilized spheroplasts prepared in Tris-based buffer. The hypothesis that such spheroplast preparations are not equivalent is supported by our finding that although 20 to 40% of the spheroplasts prepared in glycylglycine were osmotically resistant to dilution in water, less than 1% of spheroplasts prepared in Tris buffer survived such osmotic treatment. This difference was observed for all strains tested, including those used in the Wookey and Rosenberg study. Our difficulty in preparing spheroplasts in glycylglycine buffer is consistent with an early study describing conditions for spheroplast formation (26) . The fact that glycylglycine-derived spheroplasts prepared from tonB strains displayed significant, yet reduced, levels of ferrichrome uptake when compared to spheroplasts prepared in Tris may reflect the difference is osmotic sensitivity of the two preparations.
Unfortunately, we have been unable to repeat the experiments of Wookey and Rosenberg (33). Although we have been able to confirm outer membrane receptor-and tonB-dependent ferric enterochelin uptake in whole cells, we have been unable to obtain ferric enterochelin uptake in spheroplasts derived from any strain described in this communication, whether prepared exactly as described by Wookey and Rosenberg (33) or by the method described here using Tris buffer.
Our results are consistent with our previous proposal (13) that outer-membrane-mediated transport requires the physical association of inner and outer membranes to facilitate translocation of substrate from outer membrane receptors to inner membrane transport components. In our view the formation of such appo- VOL. 143, 1980 sition sites is dependent on the tonB gene product and energy supplied in the form of an energized cytoplasmic membrane. Such apposition sites are distinct (13) from the adhesion sites described by Bayer (2) . Within the framework of this model, disruption of the outer membrane permeability barrier upon lysozyme-EDTA treatment provides ferrichrome with direct access to inner membrane transport components, thus obviating the need for tonB-dependent coupling to outer membrane component(s) of the transport system.
A full understanding of the tonB-directed function will require characterization and localization of the gene product. In this regard Postle and Reznikoff (24) have recently cloned the tonB gene and have determined that it codes for a 36,000-dalton polypeptide. The relationship between this polypeptide and the 40,000-dalton polypeptide designated by Plastow and Holland (23) as that specified by the tonB gene is at present unclear. Interestingly, this 40,000-dalton polypeptide was found to be highly enriched in the inner membrane. Whether or not this result accurately reflects the location of functionally active tonB protein must await further studies.
